Oocytes segregate chromosomes in the absence of centrosomes. In this situation, the chromosomes direct spindle assembly. It is still unclear in this system, what factors are required for homologous chromosome bi-orientation and spindle assembly. The Drosophila kinesin-6 protein Subito, though non-essential for mitotic spindle assembly, is required to organize a bipolar meiotic spindle and chromosome bi-orientation in oocytes. Along with the chromosomal passenger complex (CPC), Subito is an important part of the metaphase I central spindle. In this study we have conducted genetic screens to identify genes that interact with subito or the CPC component Incenp. In addition, the meiotic mutant phenotype for some of the genes identified in these screens were characterized. We show, in part through the use of a heat shock inducible 
INTRODUCTION
Chromosomes are segregated during cell division by the spindle, a bipolar array of microtubules. In somatic cells, spindle assembly is guided by the presence of centrosomes at the poles. In this conventional spindle assembly model, the kinetochores attach to microtubules from opposing centrosomes and tension is established. This satisfies the spindle assembly checkpoint, which then allows the cell to proceed to anaphase (MUSACCHIO and SALMON 2007) . Cell division is completed by recruiting proteins to a midzone of antiparallel microtubules that forms between the segregated chromosomes, signaling furrow formation (FEDEDA and GERLICH 2012; D'AVINO et al. 2015) . However, spindle morphogenesis in oocytes of many animals occurs in the absence of centrosomes. This may contribute to the high rates of segregation errors that are maternal in origin and are a leading cause of miscarriages, birth defects and infertility (HERBERT et al. 2015) .
How a robust spindle assembles without guidance from the centrosomes is not well understood.
While it is clear that the chromosomes can recruit microtubules and drive spindle assembly (TSENG et al. 2010; DUMONT and DESAI 2012) , how a bipolar spindle is organized and chromosomes make the correct attachments to microtubules is not understood.
The Drosophila oocyte provides a genetically tractable system for the identification of genes involved in acentrosomal spindle assembly. Substantial evidence in Drosophila suggests that the chromosomes direct microtubule assembly, subsequent elongation of the spindle and establishment of spindle bipolarity (THEURKAUF and HAWLEY 1992; MATTHIES et al. 1996; DOUBILET and MCKIM 2007) . We have also shown that the kinesin-6 protein Subito, a homolog of human MKLP2 with a role in cytokinesis (NEEF et al. 2003) , is also essential for organizing the meiotic spindle and the bi-orientation of homologous chromosomes (GIUNTA et al. 2002; JANG et al. 2005; RADFORD et al. 2012) . Subito colocalizes with members of the chromosomal passenger complex (CPC), which is composed of the scaffolding subunit INCENP, the kinase Aurora B and the targeting subunits Survivin (Deterin) and Borealin (Dasra) (RUCHAUD et al. 2007) . The CPC has a critical role in assembling the acentrosomal spindle and segregating chromosomes (COLOMBIÉ et al. 2008; RADFORD et al. 2012) . In addition, with Subito, the CPC localize to the equatorial region of the meiotic metaphase I spindle and are mutually dependent for their localization (JANG et al. 2005; RADFORD et al. 2012) . This equatorial region is composed of anti-parallel microtubules and is a structure that includes a plethora of proteins (JANG et al. 2005) . Assembling a central microtubule array may be a conserved mechanism to organize a bipolar spindle in the absence of centrosomes (DUMONT and DESAI 2012) .
The meiotic central spindle, while assembling during metaphase, has several features and proteins associated with the midzone present during anaphase in mitosis. Indeed, Subito is required for the localization of the CPC to the midzone at anaphase (CESARIO et al. 2006) . The mitotic spindle midzone proteins function in anaphase and telophase to direct abscission, furrow formation and cytokinesis (GLOTZER 2005; D'AVINO et al. 2015) . The role of these proteins in the Drosophila acentrosomal meiotic spindle assembly pathway is unclear, however, since there is no cytokinetic function required at metaphase I and Drosophila does not extrude polar bodies (CALLAINI and RIPARBELLI 1996) . It is possible these proteins are loaded in the central spindle at metaphase for a function later in meiotic anaphase, as has been proposed for Centrosomin (RIPARBELLI and CALLAINI 2005) . Alternatively, these central spindle proteins could be adapted for a new role, like Subito, in spindle assembly and/or bi-orientation of homologous chromosomes.
To identify and study the function of meiotic central spindle proteins, we carried out screens for genes that interact with subito (sub) and the CPC component Incenp. The first was an enhancer screen for mutations that are synthetically lethal with sub. Second, since synthetic lethality is a mitotic phenotype, a screen was performed for enhancement of the meiotic nondisjunction phenotype caused by a transgene overexpressing an epitope-tagged Incenp (RADFORD et al. 2012) . In these screens we identified new mutations in CPC components (Incenp, aurB, borr) , the Centralspindlin gene tumbleweed (tum) and the transcription factor snail. Mutations in at least 16 additional loci were also identified and we directly tested candidate mitotic central spindle proteins for functions in meiosis. Several proteins were found to be required for microtubule organization and homologous chromosome bi-orientation during metaphase of meiosis I, including proteins in the Rho-GTP signaling pathway required for cytokinesis such as TUM (RacGAP50C), Rho1, Sticky (Citron kinase homolog) and RhoGEF2.
Not all mitotic midzone proteins are required for the meiotic central spindle, however, demonstrating meiosis-specific features of this structure. For example, Polo kinase may only be required for kinetochore function while the RhoGEF Pebble was not required for meiosis. In summary, this is the first documentation that proteins known to be required for anaphase/telophase and cytokinesis in mitotic cells are also essential in meiotic acentrosomal spindle assembly and chromosome bi-orientation.
Materials and methods: Deficiency and mutagenesis screens for synthetic lethality
To test synthetic lethality of 3 rd chromosome mutations and deficiencies, cn sub bw/ CyO; e/ TM3, Sb females were crossed to Df/ TM3, Sb females ( Figure S1 ). The cn sub bw/ +; Df/TM3 males were then crossed to sub bw/ CyO or cn sub/ CyO females to generate cn sub bw/ sub bw; Df/+ progeny. The frequency of these progeny was compared to cn sub bw/ sub bw; TM3/+ siblings to measure the synthetic lethal phenotype as a percent of relative survival.
The mutagenesis screen was performed for the second chromosome using Ethyl Methane Sulfonate (EMS). y/y + Y; sub 131 bw sp/ SM6 males were exposed to 2.5 mM EMS in 1% sucrose overnight. About 25 mutagenised males were mated to 50 al dp b pr Sp bw/ SM6 virgin females ( Figure S2 The Y chromosome carries a dominant Bar allele such that XX and XY progeny are phenotypically distinguishable from exceptional XXY and XO progeny that received two nor no X-chromosomes from their female parent. Nullo-X and triplo-X progeny are inviable, which is compensated in nondisjunction calculations by doubling the number of XXY and XO progeny. 
Generating germline clones by FLP-FRT

Sequencing
DNA was extracted from a single fly (GLOOR et al. 1993) and amplified using standard polymerase chain reaction. The gene of interest was amplified using specific primer sets spanning the length of the gene. This DNA was then sent for sequencing to Genewiz Inc. Since the stocks were balanced, the resulting sequence was analysed using Align-X (Invitrogen) and
Snapgene software for the presence of heterozygous SNPs indicating possible EMS induced mutations.
Expression of RNAi in oocytes and quantification
Expression of short hairpin RNA lines designed and made by the Transgenic RNAi Project, Harvard (TRiP) was induced by crossing each RNAi line to either P{w +mC =tubP-GAL4}LL7 for ubiquitous expression or P{w +mC =matalpha4-GAL-VP16}V37 for germ line specific and oocyte expression (referred to as "drivers"). The latter is expressed throughout oogenesis starting late in the germarium (RADFORD et al. 2012) . For expression of tum RNAi we used P{GAL4-Hsp70.PB}89-2-1. In this method, 2 day old adult females were yeasted for 2 days with males and then heat shocked for 2 hours at 37˚C. They were allowed to recover for 3 ½ hours and then oocytes were collected and fixed. At this time point the oocytes that were~ stages 10-11 at the time of heat shock are being laid as mature oocytes. Later time points did not yield sufficient quantities of oocytes in the tum RNAi as oogenesis had arrested by then. tum RNAi females were sterile for 72 hours after heat shock whereas wild type regained fertility soon after heat shock. 
Antibodies and immunofluorescent microscopy
Stage 14 oocytes were collected from 50 to 200, 3 to 4 day old yeast fed non-virgin females by physical disruption in a common household blender in modified Robb's media (THEURKAUF and HAWLEY 1992; MCKIM et al. 2009 ). The oocytes were either fixed in and 100 mM cacodylate/8% formaldehyde fixative for 8 min or 5% formaldehyde/heptane fixative for 2.5 min and then their chorion and vitelline membranes were removed by rolling the oocytes between the frosted part of a slide and a coverslip (MCKIM et al. 2009 ). For FISH, oocytes were prepared as described (Radford et al 2012 et al. 2006) . This observation suggests that the sub mutant is a sensitized genetic background to perform forward genetic screens to identify mitotic proteins with possible functions in meiosis similar to the CPC or Subito. Thus, we performed screens for mutations that show a dominant lethal interaction with sub, also known as synthetic lethality ( Figure S1 , S2). The advantage of these screens is that we can recover mutations in essential genes and identify genes encoding central spindle proteins even if there is no direct physical interaction.
On the third chromosome we screened 81 deficiencies obtained from Bloomington Stock 
Df(3R)Exel9014 and Df(3L)ri-XT1, were identified that displayed synthetic lethal interaction
with sub at viability rates between 0-10% (Table 1) . Three additional deficiencies,
with a viability rate between 10-30% (Table 1) .
For each of the seven deficiencies with the strongest synthetic lethal phenotype, we looked at sets of overlapping deficiencies and specific mutations to identify candidate genes. MINESTRINI et al. 2003; JANG et al. 2005) . A null allele of pavarotti also was synthetic lethal with sub (0% sub 1 /sub 131 ; pav B200 /+ progeny, n=69).
Df(3R)DG2
Two of the deficiencies identified as synthetic lethal with sub, Df(3R)Exel9014 and
Df(3L)ri-XT1, disrupt the kinetochore protein encoding gene Spc105R (Table 1) . Overall, in addition to confirming genetic interactions between sub and polo, pav and Det, the third chromosome deficiency screen for synthetic lethality identified at least seven additional interacting loci.
Df(3R)Exel9014 does not delete
Mutagenesis screen for synthetic lethal mutants on the second chromosome reveals new alleles of CPC genes and centralspindlin component Tumbleweed
A mutagenesis screen of the second chromosome was done to identify genes that genetically interact with sub. We screened 5314 second chromosomes mutagenized with EMS and isolated 19 lines with a synthetic lethal phenotype (Materials and Methods). ( Figure S2 ). We expected to obtain alleles of the CPC since three of its members, Incenp, aurB and borr, are on the second chromosome. Complementation testing with deficiencies uncovering these genes and existing mutants revealed three alleles of Incenp, two of aurB and one of borr ( Table 2) . Most of these mutations were also homozygous lethal. However, Incenp 18.197 is a hypomorphic allele that causes recessive sterility and not lethality. The rest of the mutations were put into 11 complementation groups. There are 2 groups with 2 alleles each (22.64, 27.18 and 15.173, 16.135) and 9 that are represented by one allele each (Table 2) .
Some synthetic lethal mutations that complemented all CPC mutants were genetically mapped (Table 2) . We picked two types of recombinants, those that also retained the sub mutation so that the synthetic lethal mutation could be mapped, and those that did not have the sub mutation, to determine if the mutation had a recessive phenotype, such as lethality or sterility. A detailed example of this approach is described in File S1 for the synthetic lethal mutations 27.89.
Mutation 27.89 was mapped between dp and b on chromosome 2R. Using SNP mapping, the synthetic lethal mutation was mapped to a 300kb region (File S1, Figure S3 and S4).
Surprisingly, it is possible that 27.89 is homozygous lethal but viable when heterozygous to a deficiency ( Figure S5 ), although we have not excluded a second lethal mutation on the 27.89
chromosome. To examine if 27.89 has a germline phenotype, we generated germline clones to collect 27.89 homozygous oocytes to determine if there was an effect on meiosis. In fact, homozygous 27.89 germline clones failed to develop into mature oocytes. This inability to generate mature germline clones is a phenotype shared by other mutations isolated in the screen such as Incenp, aurB, and tumbleweed, which are involved in the early mitotic cell divisions that occur pre-oogenesis. This indicates that 27.89 may play a role in cell division.
Mutation 22.64 was mapped to the interval between b and pr and, based on complementation to deficiencies, we found that 22.64 and 27.18 failed to complement existing alleles of snail, which encodes a zinc finger containing transcriptional repressor (ASHRAF et al. 1999; ASHRAF and IP 2001) . This was a surprising finding because snail has not previously been shown to regulate spindle assembly. An analysis of mature oocytes using germline clones has revealed that snail mutants do not grossly affect meiotic spindle assembly ( Figure S6 We tested deficiencies that showed a synthetic lethal interaction with sub (Table 1) .
Using a cutoff for enhancement of 4% increase over the control, ten deficiencies showed an increase in nondisjunction ranging from 5-19% over control levels (Table 3) . This assay appears to be more sensitive than the synthetic lethal phenotype for detecting interactions. Polo kinase is required for karyosome maintenance and homologous chromosome bi-orientation at metaphase I
In the previous sections, we identified genes that genetically interact with sub and Incenp.
To determine if any are required during meiosis I for chromosome segregation, we examined oocytes lacking some of these proteins for meiotic defects. Loss of these genes might be expected to have a phenotype similar to sub mutants, with defects in spindle bipolarity and homolog bi-orientation.
Mutants of polo mutants are synthetic lethal with sub (CESARIO et al. 2006) . Since polo mutants are recessive lethal, we used polo RNAi (TRiP GL00014 and GL00512) to test the function of Polo in acentrosomal spindle assembly and chromosome segregation. Expression of both shRNA lines using ubiquitous P{tubP-GAL4}LL7 resulted in lethality, suggesting the protein had been knocked down by the shRNA. Oocyte specific shRNA expression was achieved using matalpha4-GAL4-VP16 and this resulted in sterility and knockdown of the mRNA as measured by qRT-PCR (Table S2 and Figure S7 ).
In wild-type oocytes, the chromosomes cluster together in a spherical mass referred to as the karyosome in the center of a spindle with well-defined poles and a central spindle containing
Subito and the CPC ( Figure 1A , G). In polo GL00014 RNAi oocytes, there were defects in both chromosome and spindle organization. There were multiple karyosome masses (2-5) in most oocytes ( Figure 1B ) (69%, N=31). In addition, there were defects in spindle microtubules that we have classified into three types. First, 55% of the oocytes had disorganized spindles, with characteristics like frayed microtubules, untapered spindle poles and displaced karyosomes ( Figure 1B) . Second, 39% of the spindles appeared "hollow", composed primarily of central spindle microtubules and few or no kinetochore microtubules, those microtubules ending at the chromosomes ( Figure 1C) . Third, 16% of the oocytes had mono-or tripolar spindles ( Figure   1D ). Localization of central spindle proteins INCENP and Subito was not affected ( Figure 1H ), suggesting Polo is not required for central spindle assembly. Similar observations were made when the other shRNA, GL00512, was expressed ( Figure 1I ). The multiple karyosome phenotype (78%, n=14) and spindle defects (Table S2 ) were observed at similar frequencies with the two shRNAs.
Polo accumulates at the kinetochores during meiotic metaphase of Drosophila oocytes (JANG et al. 2005) . Therefore, we examined the centromeres and kinetochores directly in Polo knockout oocytes. At metaphase in wild-type oocytes, the centromeres are attached to microtubules and oriented towards the two poles while the central spindle forms between them with proteins like Subito and INCENP localized in a ring around the karyosome. The kinetochore protein SPC105R localized normally in GL00014 oocytes (Figure 2A ), suggesting Polo is not required for kinetochore assembly. With an average of 6.5 SPC105R foci per oocyte compared to 6.7 in wild type, these results also show that Polo is not required for cohesion at the centromeres at metaphase I ( Figure 2B ), in contrast to a recent report in mouse (KIM et al. 2015) .
In wild-type oocytes, each pair of homologous centromeres orients towards opposite poles (known as bi-orientation). Figure 2C , Table 3 ). In polo knockdown oocytes, the 2 nd and 3 rd chromosomes were frequently mono-oriented compared to wild type ( Figure 2D -F, Table 3 ). Due to the separated karyosome phenotype, in some cases these defects were observed in oocytes where the 2 nd and 3 rd chromosomes were in different masses with their own spindles. Importantly, in most cases where the karyosomes had separated, the homologous chromosome pairs were in the same mass, indicating that the cohesion holding the bivalents together had not been released. These results show that Polo is required for microtubule attachment, chromosome bi-orientation and karyosome structure, but is not required for central spindle function.
Centralspindlin is required for meiotic spindle organization and homologous chromosome bi-orientation
We identified the Centralspindlin components pav and tum as synthetic lethal mutations with sub. The role of the Centralspindlin proteins in mitotic spindle midzone formation and stabilization leading to cytokinesis is well documented (GUSE et al. 2005; D'AVINO et al. 2006; PAVICIC-KALTENBRUNNER et al. 2007; SIMON et al. 2008) . Their contribution to acentrosomal spindle assembly, however, has not been characterized. To test the role of the Centralspindlin complex in oocyte meiotic spindle assembly, we expressed short hairpin RNA (shRNA) against both tum and pav (HMS01417 and HMJ02232, respectively) (NI et al. 2011) with GAL4::VP16-nos.UTR, which expresses GAL4 with the germline specific promoter from the nanos gene (RORTH 1998). Both lines failed to generate mature oocytes, probably due to cytokinesis defects in the mitotic germline divisions, which would also preclude using the FLP-FRT system to generate germline clones. To circumvent this problem, we expressed each shRNA with matalpha4-GAL-VP16, which expresses throughout most of meiotic prophase but, importantly, after premeiotic S-phase (RADFORD et al. 2012) . However, these two shRNAs expressed with matalpha4-GAL-VP16 also produced very few mature oocytes, indicating a role for these proteins in oogenesis which prevented analysis of their meiotic function.
Because of the requirement for tum and pav in oogenesis, we developed an alternative method to knock down gene expression in oocytes. We chose to focus on tum with the goal of knocking down expression after its requirement in oogenesis, but prior to spindle assembly in mature oocytes. To achieve this, a heat shock inducible driver (P{GAL4-Hsp70.PB}89-2-1) was used to express tum shRNA ( Figure 3A ). The Drosophila oocyte undergoes 14 developmental stages to form a mature oocyte (SPRADLING 1993) . Therefore, application of heat shock to a female will result in induction of the RNAi in all stages present at the time. At 5 hours after induction of tum shRNA by heat shock, the adult females produced inviable embryos, suggesting they had stage 14 oocytes depleted of TUM. This was confirmed using an antibody to TUM, which showed an absence of TUM protein on the spindle in a majority of the heat shock treated oocytes ( Figure S8 ). At times greater than 5 hours after heat shock, in which stage 14 oocytes would have been at stage 10 or earlier at the time of heat shock, stage 14 oocytes were not produced. These results suggest that oocytes depleted of TUM at stage 10 or earlier fail to develop. With the 5 hour time point, however, we could investigate tum knockdown oocytes for defects in acentrosomal meiotic spindle assembly and chromosome segregation.
Similar to wild-type, in heat shocked wild-type oocytes or tum shRNA oocytes that were not heat shocked, the chromosomes were clustered with their centromeres oriented towards the two poles while the central spindle proteins like Subito and Incenp localize in a ring around the karyosome ( Figure 3B ). In oocytes depleted of tum by heat shock induced RNAi, Subito was mislocalized over the entire spindle (65%, n=20, p<<0.05) instead of its normal restriction to the central spindle in wild type (n=14) ( Figure 3C ). Since TUM localization is abnormal in sub mutants (JANG et al. 2005) , these results indicate that Subito and TUM are interdependent for their localization during meiosis. TUM depleted spindles also had frayed microtubules or polarity defects (70%, n=20, p<<0.05) as compared to wild type (14%, n=14) ( Figure 3D , E).
These oocytes frequently had grossly elongated or broken karyosomes ( Figure 3F) chromosomes. We found that in tum knockdown oocytes, 50% of oocytes had AACAC monooriented (n=20, p<0.05) and 45% of oocytes had Dodeca mono-oriented (n=20, p<0.05) as compared to 5.5% in wild type (n=18) ( Figure 3F , G, Table 3 ). These results show that TUM is required for meiotic spindle assembly and chromosome bi-orientation.
Meiotic function of Centralspindlin may depend on Rho1 activation
Since the above results show the Centralspindlin complex is required for meiotic chromosome segregation, we investigated the role of the proteins activated by this complex.
Pebble, a Rho Guanine Exchange Factor (GEF, ECT2 homologue), associates with the Centralspindlin complex during mitotic anaphase and together they regulate the GTPase Rho1
(RhoA) and its downstream effectors such as Citron kinase (encoded by sticky) (O'KEEFE et al. 2001; SOMERS and SAINT 2003; YÜCE et al. 2005) . There is also a second GEF, RhoGEF2, that may play a role in the germline (PADASH BARMCHI et al. 2005) . Rho1 and Sticky (citron kinase homolog) are recruited by Centralspindlin to the spindle midzone during mitosis (D' AVINO et al. 2004; BASSI et al. 2011; BASSI et al. 2013) . We failed to detect localization of Rho1 to the meiotic spindle using available antibodies. However, these negative results could be explained by localization to membranes or the actin cytoskeleton, or fixation conditions, which we have found some antibodies are very sensitive to in Drosophila oocytes (MCKIM et al. 2009 ). In contrast, we did detect Sticky on oocyte meiotic spindles ( Figure S9 ).
To examine their roles in spindle microtubule organization and homologous chromosome bi-orientation in oocytes, matalpha4-GAL-VP16}V37 was used to express shRNAs against Rho1, sticky, RhoGEF2 and pebble (HMS00375, GL00312, HMS01118 and GL01092 respectively).
Expression of each shRNA with P{tubP-GAL4}LL7 caused lethality, suggesting the proteins were indeed knocked down. Consistent with this, all four shRNAs caused significant knockdowns when evaluated using qRT-PCR of oocytes (Table S2) . Table S2 ). Sticky
RNAi oocytes also showed significant microtubule disorganization (30%, p<<0.05) and Subito and INCENP mis-localization compared to wild-type control oocytes ( Figure 4C ,F, Table S2 ).
RhoGEF2 and pbl RNAi oocytes did not show any significant defects in either spindle formation or Subito or INCENP localization ( Figure 4D , E, F, Table S2 ). These results indicate that some mitotic cytokinesis proteins regulate acentrosomal spindle assembly and central spindle integrity in meiosis.
In order to test whether Rho1, sticky, RhoGEF2 and pebble RNAi oocytes show biorientation defects, we performed FISH on knockdown oocytes. Rho1, sticky and RhoGEF2
showed significantly higher frequency of oocytes with mono-orientation defects compared to wild-type oocytes ( Figure 5A-D, F) . In contrast, pbl RNAi oocytes showed no AACAC or Dodeca mono-orientation defects (n=15) ( Figure 5E , F, Table 3 ). These results indicate that Rho1, Sticky and RhoGEF2, but not Pebble, are required for the kinetochores to make correct attachments to microtubules that result in bi-orientation.
Discussion
While the microtubules of the acentrosomal spindle may be nucleated from cytoplasmic
MTOCs (SCHUH and ELLENBERG 2007) or from the chromatin itself (HEALD et al. 1996) , additional factors are required to organize them and segregate chromosomes. One such factor is the kinesin-6 motor protein Subito, which functions in cytokinesis during mitotic anaphase but during acentrosomal meiosis it is required to organize a bipolar spindle (GIUNTA et al. 2002) .
Similarly, another prominent central spindle component is the CPC, which is also required for acentrosomal spindle assembly (COLOMBIÉ et al. 2008; RADFORD et al. 2012) . Based on these and other studies, we and others have suggested that, in the absence of centrosomes, the central spindle has a critical role in organizing the microtubules and chromosome alignment (JANG et al. 2005; RESNICK et al. 2006; DUMONT and DESAI 2012; RADFORD et al. 2012) . Thus, we have initiated the first comprehensive study of central spindle protein function in acentrosomal spindle assembly and chromosome segregation.
Cytological analysis of mitotic cells has shown that Subito is required to localize the CPC to the midzone during cytokinesis (CESARIO et al. 2006) , consistent with the studies of its human homolog, MKLP2 (GRUNEBERG et al. 2004) . This function only becomes essential when the dosage of the CPC is reduced. We have used this observation to identify genes that interact genetically with sub, with the expectation that we might find other genes that function in meiotic spindle assembly like the CPC and Subito. We identified proteins associated with the mitotic central spindle or midzone, such as all CPC and Centralspindlin components. Furthermore, we confirmed that several mitotic central spindle genes have a role in meiotic acentrosomal spindle assembly. These are functions during metaphase I, rather than anaphase and cytokinesis as in mitotic cells. Finally, this study has identified at least 16 novel loci that interact with sub (synthetic lethal) and at least six novel loci on the third chromosome that interact meiotically with Incenp.
Polo may only function at the kinetochore during female metaphase I
We had previously found that polo mutations cause synthetic lethality and there is a direct interaction between Polo and Subito (CESARIO et al. 2006) . Therefore, we determined if
Polo has a meiotic central spindle function. Previous work in Drosophila has shown that Polo inhibition by Matrimony is important for the maintaining prophase arrest (XIANG et al. 2007; BONNER et al. 2013 ), but its role in meiosis I has not been characterized. Polo has diverse roles in mitosis ranging from centrosome maturation, spindle assembly, kinetochore attachment the SAC response, and cytokinesis (CARMENA et al. 1998; PETRONCZKI et al. 2008) . Correlating with these diverse functions, Polo localizes to the centrosomes and centromeres at metaphase, and the midzone at anaphase. Meiotic metaphase is different, however, because Polo retains its localization to the centromeres (JANG et al. 2005) , unlike meiotic central spindle proteins like Subito and the CPC. In analyzing oocytes lacking Polo, we observed two prominent phenotypes.
First, the chromosomes were disorganized, resulting in the failure to maintain a single karyosome. Second, these oocytes form aberrant spindles that appear to be composed mostly of central spindle. The spindles often appear "hollow", which can reflect loss of kinetochore but not central spindle microtubules (RADFORD et al. 2015) . These results are consistent with a role for Polo in stabilizing microtubule -kinetochore attachments (ELOWE et al. 2007; LÉNÁRT et al. 2007; LIU et al. 2012; SUIJKERBUIJK et al. 2012 ) but with no function in the central spindle.
These results also show that, while the meiotic metaphase central spindle contains many proteins found in the anaphase midzone, it also has important differences. Indeed, it remains to be determine if Polo relocalizes to the midzone at anaphase I.
Mitotic spindle midzone proteins regulate acentrosomal spindle function.
From our genetic screens, we identified mutations in all the components of two essential mitotic central spindle components: the CPC and Centralspindlin. Our analysis of TUM shows that Centralspindlin also plays an important role in organizing the acentrosomal spindle and localizing Subito. It is possible that since Centralspindlin colocalizes with Subito in meiosis, it is involved in stabilizing the interpolar microtubules in the central spindle. TUM localization is in turn dependent on Subito, demonstrating the underlying interdependence of the meiotic central spindle proteins (JANG et al. 2005) .
In its cytokinesis role, Centralspindlin signals to the actomyosin complex via the RhoA pathway. Pebble, the Drosophila homolog of the guanine exchange factor (GEF) ECT2, is critical for cytokinesis (YÜCE et al. 2005; SIMON et al. 2008; WOLFE et al. 2009 ), interacts with RacGAP50C (O'KEEFE et al. 2001 SOMERS and SAINT 2003) and activates RhoA. Indeed, we found that Centralspindlin downstream effectors Rho1 (RhoA) and Sticky (Citron kinase) are required for accurate meiotic chromosome segregation. Loss of these proteins resulted in spindle assembly and centromere bi-orientation defects. This is the first report that the contractile ring proteins have been shown to be involved in meiotic chromosome segregation. Given these results, however, it was surprising that Pebble was not found to be critical for meiosis.
Drosophila, however, has RhoGEF2 that is also a GEF and is required to regulate actin organization and contractility in the embryo (PADASH BARMCHI et al. 2005) .
A hierarchy of central spindle assembly and function
None of the knockdowns we have studied have the same phenotype as a sub mutant with spindle bipolarity defects. Similarly, while we identified several interesting genes that interact with Incenp, most did not interact as strongly as sub mutants. We suggest this interaction occurs because the epitope-tag fused to the N-terminus of the Incenp allele causes the dominant phenotype, and there is a direct physical interaction between Subito and the N-terminus of INCENP, as recently described for MKLP2 (KITAGAWA et al. 2014 ). That we observed consistent genetic interactions between Incenp and Cyclin B and some of its regulators, which are also known to regulate Subito/ Mklp2 localization (HUMMER and MAYER 2009; KITAGAWA et al. 2014 ) is consistent with a specific direct interaction between Subito and Incenp. A surprisingly strong interaction was also observed between Incenp and ncd mutants, suggesting the NCD motor has an important role in central spindle assembly. Indeed, we previously observed an allele specific genetic interaction between ncd and sub (GIUNTA et al. 2002) . These results are striking because ncd mutants do not have cytokinesis defects, suggesting that NCD may have a specific function in the central spindle of acentrosomal meiosis.
Based on the lack of mutants with phenotypes similar to sub, we suggest the integrity of the meiotic central spindle and spindle bipolarity may depend only on the activity of Subito to bundle antiparallel microtubules. Our results also show, however, that contractile ring proteins are required in meiosis to maintain the organization of microtubules and promote homolog biorientation. One interpretation of these data is that the actin cytoskeleton is required for the organization or function of the meiotic central spindle microtubules. While the actin cytoskeleton is required to position the meiotic spindle in some systems (BRUNET and VERLHAC 2011; FABRITIUS et al. 2011; MCNALLY 2013) , it could also affect functioning of the spindle itself. Indeed, the formin mDIA3 has been shown to be involved in recruiting Aurora B for error correction (MAO 2011) . RhoA has been shown to regulate microtubule stability, possibly through its downstream effectors mDia or Tau (COOK et al. 1998; WATERMAN-STORER et al. 2000; PALAZZO et al. 2001) . In the future, it will be important to directly perturb the actin cytoskeleton and examine chromosome alignment and segregation.
An alternative is that the contractile ring proteins directly regulate microtubule organization. Interestingly, RhoGEF2 has been found to associate with microtubule plus ends in a process that depends on EB1 (ROGERS et al. 2004) . Citron kinase (Sticky), rather than functioning simply as a downstream effector of RhoA, directly interacts with Pavarotti and another Kinesin, Nebbish (Klp38B) and is required for RhoA and Pavarotti localization and midzone formation (BASSI et al. 2011; BASSI et al. 2013) . In the future, it will be important to determine if the meiotic function of Citron kinase depends on interactions with actomyosin components, or only with the microtubules.
Our results implicate proteins required during mitosis for midzone function and cytokinesis in meiotic chromosome segregation. In cytokinesis, a precise position of a division plane must be established (D'AVINO et al. 2015) . This activity may also be important for the acentrosomal spindle; a precise division plane may be established during metaphase I in order to sort each pair of homologous chromosomes. This process could result in the two kinetochores of each bivalent interacting with the microtubules from opposite poles. Activities such as those promoted by the Centralspindlin complex may fine tune the central spindle structure to create a precise division plane. Further studies will be required, however, to determine if the meiotic spindle depends on interactions with the actin cytoskeleton for chromosome segregation, or these proteins exert their effects only through central spindle microtubules at meiosis I. ? = not determined. Fisher's exact test was used to calculate the P-values compared to wild-type. n.s. = not significant. Table 3 .
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